Various densely charged polycationic species, whether of biological or synthetic origin, can penetrate human cells, albeit with variable efficiencies. The molecular underpinnings involved in such transport remain unclear. Herein, we assemble 1, 2 or 3 copies of the HIV peptide TAT on a synthetic scaffold to generate branched cell-permeable prototypes with increasing charge density. We establish that increasing TAT copies dramatically increases the cell penetration efficiency of the peptides while simultaneously enabling the efficient cytosolic delivery of macromolecular cargos. Cellular entry involves the leaky fusion of late endosomal membranes enriched with the anionic lipid BMP. Derivatives with multiple TAT branches induce the leakage of BMP-containing lipid bilayers, liposomal flocculation, fusion and an increase in lamellarity. In contrast, while the monomeric counterpart 1TAT binds to the same extent and causes liposomal flocculation, 1TAT does not cause leakage, induce fusion or a significant increase in lamellarity. Overall, these results indicate that an increase in charge density of these branched structures leads to the emergence of lipid specific membrane-disrupting and cell-penetrating activities.
the number of protein transduction fusion tags incorporated recombinantly at the N-terminus of a protein can improve the cell penetration of the macromolecule. 18 In our laboratory, we have recently observed that dimerization of the prototypical CPP TAT (GRKKRRQRRR, residues 48-57 form HIV-1 Trans-Activator of Transcription) could lead to a reagent, dfTAT (dimeric fluorescent TAT), with dramatically increased endosomal escape activity. 9 In particular, dfTAT is capable of causing the endosomal release and cytosolic egress of more than 90% of material initially trapped inside endosomes. Because of this improved activity, dfTAT can deliver relatively high concentrations of small molecules, peptides and proteins in a simple coincubation assay.
More specifically, dfTAT and its cargo do not need to interact: they simply need to be endocytosed together and, by making endosomes leaky, dfTAT mediates the cytosolic release of the cargo. Mechanistically, dfTAT escapes specifically from late endosomes, which are organelles where the cationic CPP encounters the anionic lipid BMP. 19 dfTAT is in turn capable of causing the leaky fusion of late endosomal BMP-rich membranes.
One promising approach toward the generation of supercharged cell-penetrating agents is by the branching of polycationic moieties of a molecular scaffold. When exploited in solid phase peptide synthesis (SPPS), this technique allows one to greatly increase the cationic content of potential cell-penetrating agents with relative ease when compared with linear peptide synthesis. One early example utilized branched-chain arginine-rich peptides to study plasma membrane translocation. 20 In more recent work, branched polycationic peptides have even been successfully employed as gene transfection tools as well. 21, 22 Herein, we were interested in elucidating how multimerization of the TAT peptide leads to an enhanced endosomal escape activity. To address this question, we generated branched structures that present a variable number of copies of the peptide on a common scaffold.
The cell penetration activities of the constructs were evaluated in cell cultures and their propensities to disrupt membranes were characterized in vitro. We establish that multivalent display of the TAT peptide leads to dramatic increases in endosomal leakage, cytosolic escape and overall delivery efficiencies. These improved performances result from BMP-specific activities that are present in the branched species but not in the monomeric parent compound. They include a glue-like behavior that promotes lipid bilayer contact and the ability to induce the leaky fusion of BMP-containing bilayers.
| RESULTS
Several new CPP constructs were synthesized. These compounds are named 1TAT, 2TAT and 3TAT in relation of the number of TAT copies attached to a common scaffold ( Figure 1A ). This scaffold consists of the peptide KGKGKG, where the amino side-chains of the lysine residues are connected to either the C-terminus of a TAT peptide or to an acetyl capping group. The N-terminus of the scaffold is labeled with carboxy-tetramethylrhodamine (TMR), a red fluorophore used herein for peptide quantification and fluorescent microscopy tracking of the peptide behavior in cells. The peptides were synthesized by solid-phase peptide synthesis, purified by high-performance liquid chromatography (HPLC) and analyzed by mass spectrometry (Figures S1 and S2 in Appendix S1, Supporting Information).
In order to first test the peptide reagents, cells were treated with 1TAT, 2TAT and 3TAT for 30 minutes, a time that is, in our experience, convenient for delivery protocols in cell cultures. Under this condition, 1TAT, 2TAT and 3TAT displayed 2 distinct cellular localizations. In the case of 1TAT, a punctate distribution was observed at all concentrations tested (1, 3, 9 μM; Figure 1B ). Colocalization of the red puncta with LysoTracker Green, a marker of acidic-organelles such as late endosomes and lysosomes, indicated that 1TAT is trapped in the lumen of endocytic organelles ( Figure S3 in Appendix S1), as previously reported for similar peptides. 23 In the case of 2TAT
and 3TAT, a similar punctate distribution was observed at low concentration (1 μM). However, as the incubation concentration is increased, a population of cells displaying a diffuse cytoplasmic staining can be observed ( Figure 1B ). The red fluorescence of these cells also includes a distinct nucleolar staining, a feature previously observed for other cationic peptides. 9, 24, 25 In this particular instance, nucleolar staining serves to demonstrate that the fluorescence signal However, it should be noted that less than 10% of cells become positive to SYTOX Green when exposed to 3 μM 3TAT, indicating that the peptide is modestly toxic at this concentration. Importantly, 3TAT
was significantly more toxic at 5 μM ( Figure 1D ). This increased toxicity, which gives rise to peptide-stained cellular debris during imaging, made quantifying cell penetration difficult. Achieving delivery while killing cells is also counterproductive. For these reasons, in the context of our mechanistic studies, 3TAT was not tested at a concentration higher than 3 μM (longer incubation times were, however, tested to characterize the cytotoxicity of the peptides more fully, Figure S4 in Appendix S1). Overall, this concentration alone was sufficient to exemplify that 3TAT is significantly more active than 1TAT and 2TAT. This is apparent when the peptides are compared at equal incubation concentrations, or at concentrations that lead to similar overall TAT content (ie, 9 μM 1TAT vs 4.5 μM 2TAT vs 3 μM 3TAT).
In particular, 3 μM 3TAT is internalized by cells at a higher level than 1TAT or 2TAT, at all concentrations tested. This indicates that 3TAT enters cells, being either trapped inside endosomes or diffused in the cytoplasm, in a larger amount than the analogs with fewer peptide copies. This in turn may suggest that this higher propensity for uptake is correlated to its ability to enter the cytosolic space of cells.
However, it should be noted that, under conditions where 3TAT is internalized to a lower extent than 2TAT (ie, 4.5 μM 2TAT vs 1 μM 3TAT), 3TAT displays more cytosolic penetration than 2TAT.
The usefulness of these peptides is not found in whether they penetrate cells per se, but instead in whether they can mediate the FIGURE 1 (A) Representative scheme of the peptide constructs 1TAT, 2TAT and 3TAT. The constructs consist of a KGKGKG scaffold labeled with the TAT peptide or an acetyl capping group on the side chain of the lysine residues. Additionally, the scaffold is labeled with the fluorophore carboxy-tetramethylrhodamine (TMR) at its N-terminus. The molecular weight and expected charge of each construct at pH 7 and below are represented. Figure 2B ). 9, 27 In principle, the successful delivery of only a few
Cre recombinase molecules is sufficient to induce GFP expression. In contrast, micromolar intracellular concentrations of molecules are required for microscopy detection of SNAP-Surface (based on calibration experiments performed in-house). We, therefore, envisioned that these 2 assays span a range of detection sensitivities that may reveal differences between the CPPs tested. As shown in Figure 2A , the percentage of cells positive for GFP expression was small when Cre recombinase was incubated with 1TAT (~10%, 3 μM 1TAT, 4 μM Cre recombinase; Cre recombinase used is expressed as a TAT fusion to promote endocytic uptake and the protein itself displays some cellpermeation activity,~5%). In comparison, incubating Cre recombinase with 2TAT and 3TAT led to more than 50% of GFP positive cells.
Interestingly, the delivery activities of 2TAT and 3TAT were relatively equivalent, indicating that both compounds are capable of delivering enough enzyme to initiate expression of the EGFP reporter (however, the amount of enzyme actually delivered could, in principle, vary). In contrast, 3TAT was dramatically more effective at inducing the delivery of SNAP-Surface 488 to the nucleus of cells than 1TAT or 2TAT.
These results closely match the results obtained with the peptides in Figure 1 and indicate that 3TAT is able to induce the cytosolic of delivery of a significantly higher amount of SNAP-Surface 488 than 1TAT and 2TAT. Overall, these data indicate that 1TAT is ineffective, that 2TAT is active enough to mediate the delivery of few molecules, and that 3TAT, in contrast, can deliver larger quantities.
| Cell penetration involves endosomal escape
We have previously demonstrated that dfTAT delivers macromolecular cargos by causing endosomal leakage. In order to test whether 3TAT has a similar activity, the intracellular localization of the peptide was first monitored in a pulse-chase experiment ( Figure 3A were washed, treated with or without 3TAT and imaged by fluorescence microscopy ( Figure 3B ; Figure S8 in Appendix S1). Cells incu- Previous reports on dfTAT have established that endosomal escape involves the disruption of the membrane of late endosomes. 19 In particular, dfTAT mediates its membrane-disrupting activity by interacting with the anionic lipid BMP in late endosomes. Because lipid bilayers of both late endosomes and lysosomes contain BMP, 3TAT may have the capacity to disrupt either of these organelles. To determine the major route of endosomal escape, a delivery assay of preloaded lysosomal cargo was performed ( Figure 3B , exp 4). Cells first incubated with DEAC-k5 were then treated with 3TAT following a 2 hours wait to ensure that a majority of the endocytosed cargo was sequestered to the lysosome (a time frame in which one would expect this to happen). This experiment displayed very poor delivery of DEAC-k5 (<3%). Furthermore, whenever cells were treated shortly after the DEAC-k5 delivery, cells displayed a substantial amount of DEAC-k5 delivery (54%). Taken together, these data suggest that cargo must not be sequestered to the lysosome for successful delivery.
Notably, anti-BMP, a monoclonal antibody raised against BMP, can prevent the fusion of late endosomal membranes (late endosomes are organelles that contain vesicles in their lumen) and thereby block the endosomal escape of dfTAT. 19 In order to establish whether 3TAT would respond to a similar treatment, cells were preincubated with anti-BMP or with the control antibody anti-IgG, a monoclonal antibody that does not recognize BMP as an epitope.
Cells were then incubated with 3TAT and imaged. As shown in Figure 3C , anti-IgG did not prevent 3TAT from reaching the cytosol and nucleoli of cells. In contrast, anti-BMP inhibited cytosolic penetration, most of the cells displaying instead a punctate distribution of the peptide. Importantly, neither antibodies led to a significant reduction in peptide uptake, as measured by the total fluorescence of cell lysates. This indicates that the peptide is capable of accumulating inside endosomes but becomes unable to escape endosomes when anti-BMP is present.
| In vitro characterization of 1TAT, 2TAT and 3TAT
To test whether the involvement of late endosomes and BMP could be corroborated in vitro, lipid bilayer leakage assays were performed.
Large unilamellar vesicles (LUVs) were prepared with membrane composition mimicking that of the plasma membrane or early endosomes action of the peptide itself. In contrast, as the amount of peptide partitioning on the surface of liposomes increases, particles become positively charged and repulsion is restored (our data also suggest that coating of the liposome surface with peptide happens faster than leakage does). Notably, similar behaviors were observed with 1TAT
and 2TAT with the exceptions that higher P:L were necessary to abolish flocculation. In addition, it is worth noting that 3TAT induced flocculation even at low P:L and that overall, 2TAT can do what 3TAT does (ie, leakage, flocculation and liposomes charge inversion), albeit at higher concentrations. It is, however, clear that while 1TAT
can also bind to liposomes and induce their flocculation, it fails to induce significant leakage. Overall, while contact between liposomes appears to be necessary for leakage, it may not be sufficient.
Considering both the in cellulo and in vitro results gathered thus far, it is surprising that such low activity is reported for 2TAT despite the very high activity we reported for the TAT-dimer, dfTAT. One notable difference between the 2 peptides is that 2TAT is labeled with only one fluorophore, while dfTAT is labeled with 2. To investigate whether the fluorophore plays a role in the membrane activity of 2TAT and 3TAT, non-fluorescent variants, nf2TAT and nf3TAT, were synthesized ( Figure S2G -I in Appendix S1). The non-fluorescent peptides were then assayed for cell penetration, cytotoxicity, delivery of macromolecules and membrane lytic activity of late endosomes ( Figure S7 in Appendix S1). Because these peptides do not contain a covalent fluorescent label, cell penetration was assayed by the ability of the non-fluorescent peptides to deliver the small molecular cargo DEAC-k5 or the enzyme TAT-Cre. In all assays, the trend observed for nf2TAT and nf3TAT across all the conditions assayed is similar to that of 2TAT and 3TAT. Namely, the peptide with 3 TAT branches is more active than the analog with only 2. Yet, the non-fluorescent analogs are overall less active than the fluorescent counterparts. In particular, nf3TAT requires higher concentrations than 3TAT to achieve similar cell delivery activities. The lytic activity of nf3TAT toward liposomes is also substantially less than that of 3TAT.
In order to gain additional insights into the complex behavior of the peptides with L.E. LUVs, liposomal suspensions treated with 1TAT, 2TAT and 3TAT were analyzed by Burst Analysis Spectroscopy (BAS), a single particle technique that permits quantitative analysis of liposome size distributions in heterogeneous samples. 32, 33 In these assays, liposomes were doped with a membrane staining carbocyanine fluorescent dye, Vybrant DiD (0.03% of total lipid). Fluorescence bursts were first recorded from individual liposomes as they advectively flowed through the detection volume of a custom 2-channel confocal microscope at velocities much greater than the rate of particle diffusion. The underlying particle size distribution was reconstructed by BAS from the observed fluorescence burst amplitude distribution. 32 The resulting BAS size distributions from the DiD channel are then directly proportional to liposome membrane content, while the TMR amplitude distributions measure the amount of bound peptide. We examined samples representing P:L ratios in the range 1:2500 to 1:200. We envisioned that these conditions would be representative of the early steps in liposomal flocculation and possibly reveal how peptides and lipids interact as membrane leakage is initiated. As shown in Figure 5A , addition of peptides to liposomal suspension at these low P:L ratios induced a shift of the liposomes to much larger mean particle size for both 2TAT and 3TAT. This Cells were then treated with 3TAT (3 μM) for 30 minutes. Following a 30 minutes wait for experiments 2 to 4, fluorescence microscopy images were taken at ×20 and ×100 magnification to quantify DEAC-k5 delivery. Cells were scored, as before, for successful DEAC-k5 penetration if nucleoli staining was observed (biological triplicates, >500 cells per experiment). Prior to 3TAT treatment, DEAC-k5 displays a punctate distribution consistent with endosomal entrapment. After treatment with 3TAT, DEAC-k5 redistributes throughout the cell (nucleolar staining, presumably attributable to the polycationic nature of the peptide, can be observed). This effect is blocked by bafilomycin, an inhibitor of endosomal acidification and trafficking. However, whenever DEAC-k5 is accumulated predominantly in the lysosome, cell delivery of the molecular cargo is abolished. (C) Preincubation with an anti-BMP mAb inhibits 3TAT cytosolic penetration but not endocytic uptake. Cells were preincubated with anti-BMP or the control antibody, anti-IgG (50 μg/mL), for 1 hour, washed, and then treated with 3TAT (3 μM) for 30 minutes. Cell penetration was then visualized and quantified by fluorescence microscopy as previously described To further reveal the basis for the 3TAT-mediated flocculation and leakage, liposomal samples were analyzed by cryo-electron microscopy. 34 Liposomes were treated with peptides at a P:L ratio of 1:50, conditions that lead to maximal leakage for 3TAT. Untreated L.E. liposomes were on average bilamellar ( Figure 5D ). It is notable that BMP-containing liposomes have a propensity to spontaneously form multivesicular structures at acidic pH. 29 When treated with 1TAT, the lamellarity of the liposomes increased, albeit to a modest extent. In contrast, liposomes treated with 3TAT showed several clear differences. Consistent with both the observed propensity to sediment and increases in particle size observed by BAS, the liposomes were clustered ( Figure 5C ). The number of bilayers present per liposome was also significantly increased, with up to 20 layers observed in a single liposome ( Figure 5D ). Finally, multilamellar liposomes displayed thick external membranes. This apparent thickness is the result of several bilayers being in close proximity ( Figure 5C ). The vicinity between bilayers is particularly high. This is exemplified by the fact that, in the absence of peptide, a solvent layer is present between liposomes, even when liposomes are forced against one another (as illustrated by membrane distortion in Figure 5C ). An interstitial solvent layer is, however, not visible when 3TAT is present.
Together, these data demonstrate that 3TAT has the ability to bring lipid bilayers into close contact and reconfigure liposomes into complex multilamellar structures. However, 1TAT does not display these activities.
| DISCUSSION
The cellular assays performed in this study demonstrate that the number of branches present in the peptide constructs dramatically impact cell penetration. For instance, the efficiency of endocytosis, endosomal escape, and cargo delivery is consistently greater for 3TAT than for 2TAT. The monomeric 1TAT, an analog of the prototypical and widely used HIV TAT peptide, is relatively poor in all activities and clearly outperformed by 3TAT. In particular, the rela- Figure 1E is a measure of endocytic uptake efficiency. This is because, although 3TAT distributes in the cytosol and nucleoli of cells, it needs to be first endocytosed to reach these localizations (the total amount of peptide present in the cell was, therefore, originally taken up by endocytosis first). As such, the endocytosis of 3TAT, 2TAT and 1TAT is proportional the peptide copy numbers, indicating that a multibranch display is favoring endocytosis-inducing interactions on the cell surface. This effect is potentially mediated by the clustering of heparan sulfate proteoglycans, known interaction partners of polycationic CPPs on the cell surface. [35] [36] [37] Moreover, the enhanced endocytic uptake of 3TAT may contribute to making this compound more prone than 2TAT or 1TAT at escaping endosomes. As a matter of fact, by being able to accumulate inside endosomes at higher levels than monomeric or dimeric counterparts, 3TAT may be able to reach a membrane-disruption concentration threshold more readily. Yet, the connection between endocytic uptake and endosomal escape may be more complicated. This is because 2TAT does not escape from endosomes as well as 3TAT, even when 2TAT is endocytosed at higher levels than 3TAT
(eg, 4.5 μM 2TAT vs 1 μM 3TAT, Figure 1E ). Instead, our results indicate that 3TAT is also more prone to induce membrane disruption and endosomal leakage than 2TAT and 1TAT.
The enhanced membrane-disruption efficacy of 3TAT is corrobo- This collapse could be contributed by BMP, as this lipid has a propensity to spontaneously promote multilamellarity. The fact that there is contact between bilayers of virtually identical radii (as in the "thick" membrane highlighted in Figure 5C ) also highlight that 3TAT must act as a bridging agent that keeps the bilayers glued to one another. Another question left open is the topic of toxicity, specifically when comparing 3TAT to dfTAT. While 3TAT displays a delivery efficiency and mode of cellular entry similar to dfTAT, 3TAT is relatively toxic while dfTAT is relatively innocuous (dfTAT-mediated delivery does not noticeably impact viability, proliferation rates or transcription). On one hand, disrupting cellular membranes to gain cytosolic access can obviously be damaging to cells. It may not, therefore, be surprising that 3TAT is toxic, though it remains remarkable that dfTAT is not. Notably, because of its disulfide linkage, dfTAT is reduced into TAT monomers upon entry into the cytosolic space.
9,24
The membrane-disrupting activity of the reagent is, therefore, greatly reduced after delivery is achieved. In contrast, 3TAT, while presumably susceptible to partial proteolytic cleavage, should remain trimeric and membrane active after cytosolic entry. 3TAT could, therefore, kill cells by disrupting the membrane of various intracellular organelles, a scenario that will be examined in future studies. Finally, it should be noted that our study does not directly address whether the branching design of the multivalent CPPs tested is necessary for efficient cellular penetration. For instance, it is possible that a linear peptide containing 3TAT sequence back-to-back could reproduce some of the activities observed with 3TAT. Unfortunately, we could not test this possibility because, in our hands, the solid-phase peptide synthesis of linear constructs failed due to extremely poor coupling yields during the incorporation of residues of the second and third TAT segments.
Such issue is well-known limitation of SPPS and, perhaps, this high- Legend on next page.
| Cell penetration and delivery experiments
Cells were seeded and grown to 100% confluency after 24 hours.
Prior To measure colocalization of 1TAT or DEAC-k5 with LysoTracker Green (Thermo), cells were grown to 100% confluency and then treated with 9 μM 1TAT for 30 minutes or 25 μM DEAC-k5 for 1 hour. Cells were washed as before then treated with 500 nM LysoTracker
Green at 0, 1 or 3 hours after DEAC-k5 treatment. Cells were imaged at ×100 magnification using fluorescence microscopy to produce representative images of colocalization. Finally, colocalization was determined using the colocalization function of the software ImageJ.
Pearson's colocalization coefficient, R, and Manders' colocalization coefficient, M1, were reported to effectively determine the degree of colocalization.
| Expression and purification of TAT-Cre
The Lipids dissolved in chloroform, at aforementioned ratios, were transferred to a clean glass vial and dried overnight in vacuo. Lipid cakes were hydrated in LUV buffer (10 mM NaHPO 3 , 100 mM NaCl, pH 7.4) which contained 60 mM calcein if used in leakage assays.
The hydrated lipid cake underwent multiple freeze thaw cycles and the generated MLVs were extruded to 100 nm LUVs using a 0.1 μm membrane (Whatman). For BAS experiments, liposomes were further extruded using a manifold extruder (Northern Lipids) and a 0.05 μm membrane (Whatman). Liposomes loaded with calcein were purified from free calcein using Sephadex G50 resin (Fisher Scientific). 
| Leakage assays

